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Dry-air curingAbstract In this study the effect of two different curing-agents has been examined in order to
compare them for optimizing the performance of concrete. The ﬁrst used type is the Pre-soaked
lightweight aggregate (leca) with different ratios; 0.0%, 10%, 15% and 20% of volume of sand,
and the second type is a chemical agent of polyethylene-glycol (Ch.) with different percentages;
1%, 2% and 3% of weight of cement. In the test programme performed in this study, three cement
content; 300, 400 and 500 kg/m3, three different water-cement ratios; 0.5, 0.4, and 0.3, and two mag-
nitudes of silica fume as a pozzolanic additive; 0.0% and 15% of cement weight, were used. The
physical properties of concrete were evaluated at different ages, up to 28 days. The concrete spec-
imens are subjected to dry-air curing regime (25 c) during the experiment.
The results show that the use of self-curing agent (Ch.) in concrete effectively improves the phys-
ical properties compared with conventional concrete. On the other hand, up to 15% saturated leca
was effective while 20% saturated leca was effective for permeability and mass loss but adversely
affects the sorptivity and volumetric water absorption. Self-curing agent Ch. was more effective
than self-curing agent leca. In all cases, both 2% Ch. and 15% leca were the optimum values.
Higher cement content and/or lower water–cement ratio leads to more effective results of self-curing
agents in concrete. Incorporation of silica fume into concrete mixtures enhances all physical prop-
erties.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Housing and Building National Research
Center.Introduction
During the last two decades, concrete technology has been
undergoing rapid developments. In recent years, the concept
of internal curing of concrete has gained popularity and is stea-
dily progressing from laboratory to ﬁeld of practice [1–3].
According to the ACI 308 committee [4], ‘‘internal curing
refers to the process by which the hydration of cement occurs
because of the availability of additional internal water that is
168 M.I. Mousa et al.not part of the mixing water’’ (in case of leca type). Typically,
an additional internal water is supplied via the incorporation
of saturated lightweight ﬁne aggregates [5,6] or polyethylene-
glycol which causes reduction of the surface tension of the mix-
ing water and reduces the water evaporation from concrete [7–
10] and hence increases the water retention capacity of the con-
crete. The beneﬁts of internal curing are numerous and
include, increased hydration process and strength develop-
ment, reduced autogenous shrinkage and cracking, reduced
permeability, and increased durability [11,12]. The impact of
internal curing begins immediately with the initial hydration
of the cement, so that its beneﬁts are observed at ages as early
as 2 days or 3 days.
Internal curing is beneﬁcial in low water–cement ratio (w/c)
concretes because of the chemical shrinkage that accompanies
Portland cement hydration and the low permeability of these
materials. Since the water incorporated into and absorbed by
the cement hydration products has a speciﬁc volume less than
that of bulk water, a hydrating cement paste will imbibe water
(about 0.07 g water/g cement) from available sources [13].
While in higher w/c concretes, this water can be and often is
supplied by external (surface) curing. In low w/c concretes,
the permeability of the concrete quickly becomes too low to
allow the effective transfer of water from the external surface
to the concrete interior [14]. Hence, one has the justiﬁcation
for internal curing. If additional water can be distributed
somewhat uniformly throughout the concrete, it will be readily
available to migrate to the nearby cement paste and participate
in the hydration process as needed.
Research signiﬁcance
The aim of this research is to evaluate the effects of self-curing
agents such as pre-soaked lightweight aggregate (leca) and
polyethylene-glycol with different ratios on the physical prop-
erties (such as volumetric water absorption, water permeabil-
ity, water sorptivity and mass loss) for concretes containing
different cement contents; 300, 400 and 500 kg/m3, different
water–cement ratios; 0.5, 0.4 and 0.3, and silica fume ratios;
0.0% and 15% cured in dry-air (25 c) during the experiments.
The results should help explain the effect of self-curing agents
on the physical properties of concrete. Also, the results provide
additional data to determine self-curing agent content for opti-
mization of the physical properties of concrete.
Experimental programme
Material and mix proportion
An ordinary Portland cement with speciﬁc weight 3.12 g/cm3,
speciﬁc surface 3000 cm2/g and silica fume are widely available
in Egypt in powder form with silica (SiO2) of 95%, siliceous
sand as a ﬁne aggregate (with ﬁneness modulus of 2.79), and
gravel as a coarse aggregate of nominal maximum size
(20 mm) from Suez quarry were used. The superplasticizer
(SP.) used was conplast 430, which is of the sulphated naph-
thalene formaldehyde condensate type. The superplasticizer
dosage was adjusted to produce concretes with the same slump
of 120 ± 10 mm and do not show visual signs of segregation
during the normal casting of concrete in the moulds. Leca
which is a brand name for an expanded clay clinker burnedin a rotary kiln at approximately 1200 C was used as self-cur-
ing agent (leca type) while the chemical agent of polyethylene-
glycol of characteristics as produced by the manufacturer and
indicated in Table 1, was used as self-curing agent (Ch. type).
Proportions of concrete batches are given in Table 2.
Experimental procedures
Mixing of concrete components was achieved by using a hor-
izontal mixer. All the dry constituents were placed in the mixer
and mixed for 2 min to ensure uniformity of the mix. Half of
the mixing water was added gradually during mixing and fol-
lowed by the remaining water with superplasticizer. Finally,
self-curing agent such as polyethylene-glycol or saturated light
weight aggregate (leca) was added gradually during mixing (in
SCUC mixes). Mixing of all ingredients continued for a period
of 2 min. The content of SP was adjusted for each mix to
ensure that no segregation would occur and to achieve the
required workability. After mixing, the mixture was cast into
10 · 10 · 10 cm cubic moulds and cylindrical moulds with
internal diameter 10 cm and height 20 cm, at three equal lay-
ers, each layer was compacted by hand tamping and on
mechanical vibrator table. After the moulds had been ﬁlled
of concrete, the surface of concrete in moulds was leveled
and they were kept in the laboratory conditions for 24 h while
the surfaces of moulds were covered by plastic sheets. Then,
the specimens were demoulded and kept in dry air at 25 c in
the laboratory.
Volumetric water absorption and water permeability were
carried out on the cubic specimens. The absorbed water was
calculated as the difference between saturated dry and dry
masses of specimens. The mass losses were performed on poly-
propylene containers of 1.57 L with internal diameter 10 cm
and height 20 cm, added to that, the sorptivity test was carried
out on concrete disc specimens of 5-cm thickness cut from the
middle of a cylinder specimen of 10-cm diameter. The speci-
mens were dried at a temperature of 100 C until their weight
became constant. The side surface of the specimen (perpendic-
ular to the cross section) was coated with electric plastic tape
as a sealer. The test was carried out by weighing the specimens
before the test, the specimens were placed on steel ring support
so that its cross section surface was in contact with water as
shown in Fig. 1. The specimen weight was measured every
minute for ﬁve minutes, then every ﬁve minutes over a period
of 25 min. The sorptivity index (mm/min0.5) was calculated
from the accumulative water absorbed through the specimen
area over the test period. All tests were performed at 3, 7
and 28 days.
Results and discussions
Volumetric water absorption
Fig. 2 reveals that the volumetric water absorption (V.W.A.)
of all concrete mixes (self-curing and conventional concretes)
decreased gradually with time under air curing. Volumetric
water absorption systematically decreased as self-curing agent
(leca) increased in concrete up to 15%, which may be attrib-
uted to better water retention thus triggering increased hydra-
tion [15,16] which leads to less porous and more compact
concrete. The addition of leca (20%) gave a higher value of
Table 1 Characteristics of polyethylene-glycol.
Type Molecular Weight Maximum solubility at 20 C (mass fraction %) Functional group
Hydroxyl Ether
Synthetic 200 100 Yes Yes
Table 2 Composition of concrete mixes (kg/m3).
Mix no. Cement Silica fume Water Superplasticizer Self-curing agent Gravel (20 mm) Sand
Ch. Leca
M1 400 – 120 8 – – 1252 674
M2 400 – 120 8 – 26 1252 607
M3 400 – 120 8 – 39 1252 573
M4 400 – 120 8 – 52 1252 539
M5 400 – 116 8 4 – 1252 674
M6 400 – 112 8 8 – 1252 674
M7 400 – 108 8 12 – 1252 674
M8 400 – 192 2.4 8 – 1128 608
M9 400 – 152 4 8 – 1189 640
M10 300 – 84 12 6 – 1360 732
M11 500 – 140 5 10 – 1142 616
M12 400 60 129 4.6 9.2 – 1174 632
Fig. 1 Specimen during progress of sorptivity test.
Fig. 2 Effect of leca% on volumetric water absorption.
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during the experiment which may be attributed to the higher
porosity of leca particles. In general, concrete with 10% leca
was the lowest in volumetric water absorption followed by
15%. At 28 days, the reduction was 8.2% and 4.1% for con-
crete with 10% and 15% leca, respectively, compared to their
reference (0.0%). While 20% gave slight increase in V.W.A. by
about 2% this may be due to the use of a percentage of leca
above the maximum recommended by many researchers [14].
It is well known that the addition of polyethylene-glycol
(Ch.) into concrete mixtures reduces the water evaporation
from concrete and hence increases the water retention capacity
of the concrete, hence allowing a continuous hydration process
which leads to a less porous and more compact concrete than
conventional concrete. Test results, as shown in Fig. 3, exhibitFig. 3 Effect of Polyethylene glycol (Ch.)% on volumetric water
absorption.
Fig. 5 Effect of cement content on volumetric water absorption
(concrete with 2% Ch.).
Fig. 6 Effect of silica fume ratio (S.F.%) on volumetric water
absorption (concrete with 2% Ch.).
170 M.I. Mousa et al.a lower volumetric water absorption of concrete containing
different percentages of Ch. relative to conventional concrete
during the experiment, where after 28 days concrete with
1%, 2% and 3% Ch. decreased by about 8.2%, 18.4% and
14.3%, respectively, compared with 0.0% (conventional con-
crete) to conﬁrm that 2% Ch. is the optimum ratio [17].
For the concrete series 2% Ch. (M6, M8, M9) with differ-
ent water–cement ratios, obviously reducing water–cement
ratio signiﬁcantly decreased volumetric water absorption and
improved the performance of Ch. as shown in Fig. 4, which
could be attributed to the lower number of random voids that
form as a result of evaporation of excess water in the case of
high w/c. Reducing water–cement ratio in SCUC from 0.5 to
0.4 and 0.3 caused signiﬁcant additional reduction in volumet-
ric water absorption after 28 days by about 14% and 30%
respectively.
Increasing cement content from 300 kg/m3 to 400 kg/m3 in
concrete caused signiﬁcant decrease in volumetric water
absorption, while 500 kg/m3 caused minor additional reduc-
tion as shown in Fig. 5. At the age of 28 days, the reduction
of volumetric water absorption due to increase in cement con-
tent was 17% and 23% in the 400 and 500 kg/m3 cement mix
compared with 300 kg/m3 cement content mix.
Fig. 6 illustrates that, the incorporation of silica fume
(15%) into concrete mixtures with 2% Ch. caused an addi-
tional decrease in volumetric water absorption ranging from
33% at 3 days to 21.2% at 28 days. This improved volumetric
water absorption is due to reﬁned pore structure, water reten-
tion caused by silica fume and the conversion of the calcium
hydroxide, which tends to form on the surface of aggregate
particles into calcium silicate hydrate (C–S–H) due to the pres-
ence of reactive silica, which makes concrete less porous and
more compact [18–20].
Water permeability
The use of saturated leca with different percentages in concrete
mixes provides internal curing for the concrete, thus allowing a
continuous hydration which improves water impermeability of
the concretes in dry-air relative to conventional concrete as
shown in Fig. 7. The water permeability of concretes contain-
ing leca (SCUC) or conventional concrete decreases with time,Fig. 4 Effect of w/c ratio on volumetric water absorption
(concrete with 2% Ch.). Fig. 7 Effect of leca% on water permeability coefﬁcient.
Fig. 9 Effect of w/c ratio on water permeability coefﬁcient
(concrete with 2% Ch.).
Fig. 10 Effect of cement content (C.C.) on water permeability
coefﬁcient (concrete with 2% Ch.).
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water permeability by about 36%, 35% and 30%, respectively,
compared with conventional concrete where no leca is used.
Test results of concretes containing Ch. (polyethylene-
glycol) with different ratios and conventional concrete gave
similar behaviour as shown in Fig. 8. Results showed lower
water permeability of concretes containing Ch. relative to con-
ventional concrete during the experiment and the difference
between 2% and 3% Ch. at later days started to vanish, where
after 28 days concrete with 1%, 2% and 3% Ch. decreased by
about 36%, 42% and 41%, respectively, compared to conven-
tional concrete.
For the concrete series with 2% Ch. (M6, M8, and M9)
with different water–cement ratios, obviously reducing
water–cement ratio enhances water impermeability of concrete
at all ages as shown in Fig. 9. Reducing water–cement ratio
from 0.5 to 0.4 and 0.3 causes signiﬁcant less water permeabil-
ity by about 19.4% and 31%, respectively, after 28 days.
Increasing cement content in concrete with 2%
Ch. improved water impermeability at all ages. As shown in
Fig. 10, test results obviously show that the mix with 2%
Ch. and cement content of 400 and 500 kg/m3 exhibits sharp
reduction in water permeability by about 62.4% and 90%
respectively relative to the mix with cement content of
300 kg/m3 after 28 days.
Fig. 11 reveals that, the addition of silica fume (15%) into
self-curing concrete mixtures with 2% Ch. causes signiﬁcant
lower water permeability at all ages relative to concrete with-
out silica fume. The decreasing rate in water permeability with
time is approximately equal for both types of the concretes.
Self-curing concrete with silica fume gives less water
permeability by about 23.8% after 28 days relative to concrete
without silica fume.
Water sorptivity
The water sorptivity decreases with time for all studied types of
concrete as shown in Figs. 12–16. For the concrete containing
saturated leca, the water sorptivity is reduced for the mix with
10% leca, while for the mix with 15% leca the reduction is con-
tracted. On the other hand, the sorptivity was more than theFig. 8 Effect of polyethylene-glycol (Ch.)% on water perme-
ability coefﬁcient.
Fig. 11 Effect of silica fume ratio (S.F.%) on water permeability
coefﬁcient (concrete with 2% Ch.).
Fig. 12 Effect of leca% on water sorptivity.
Fig. 13 Effect of polyethylene-glycol (Ch.)% on water
sorptivity.
Fig. 14 Effect of water–cement ratio on water sorptivity.
Fig. 15 Effect of cement content (C.C.) on water sorptivity.
Fig. 16 Effect of silica fume ratio (S.F.%) on water sorptivity.
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crete with 10%, and 15% leca gives lower water sorptivity by
about 17.5% and 10.6% respectively, while 20% leca gives6.3% increment relative to conventional concrete (without
leca).
It can be seen from the results that using polyethylene-
glycol as self-curing agent in concrete reduces water sorptivity
as shown in Fig. 13. At 28 days, self-curing concretes of 1%,
2% and 3% Ch. show lower water sorptivity by about 3.2%,
25% and 18.8%, respectively, relative to conventional concrete
(without Ch.).
For the concrete series with 2% Ch and with different
water–cement ratios, obviously reducing water–cement ratio
signiﬁcantly decreases water sorptivity of concrete as shown
in Fig. 14. Reducing water–cement ratio in concrete from 0.5
to 0.4 and 0.3 causes lower water sorptivity by about 16.8%
and 36.8, respectively, after 28 days.
Increasing cement content in concrete signiﬁcantly
decreases water sorptivity during the experiment as shown in
Fig. 15. Generally, in the mix with 2% Ch. and with cement
content 300 kg/m3, increasing the cement content to 400 and
500 kg/m3 gives a higher reduction in water sorptivity by about
29.4% and 47%, respectively.
Fig. 16 shows that using silica fume (15%) in concrete mix-
tures with 2% Ch. causes a decrease in water sorptivity during
the experiment. The rate of decrease in water sorptivity with
Fig. 17 Effect of leca% on mass loss.
Fig. 19 Effect of w/c ratio on mass loss (concrete with 2% Ch.).
Fig. 20 Effect of cement content (C.C.) on mass loss (concrete
with 2% Ch.).
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and without silica fume but the concrete with silica fume exhib-
its a higher reduction in water sorptivity by about 16.7% rela-
tive to concrete without silica fume at 28 days.
Mass loss
Fig. 17 illustrates that the mass loss of all concrete mixes (self-
curing and conventional concretes) increases gradually with
time under air curing due to water evaporation from concrete.
Using 10% saturated leca as self-curing agent in concrete,
leads to a minor reduction in mass loss especially at early ages
relative to conventional concrete, while this reduction vanishes
at 28 days. Nevertheless for the mix with 15% and 20% satu-
rated leca the mass loss increases compared to their reference
by about 4% and 10%, respectively at the age of 28 days.
On the other hand, it can be seen that using different per-
centages of Ch. (1–3%) signiﬁcantly reduces the mass loss that
ensures better water retention relative to conventional concrete
during the experiment as shown in Fig. 18. Increasing Ch. ratio
in the mix from 2% to 3% shows an increase in mass loss at all
ages. After 28 days, the mass loss for concretes with 1%, 2%
and 3% Ch. decreases by about 14%, 24% and 20%,Fig. 18 Effect of polyethylene-glycol (Ch.)% on mass loss.
Fig. 21 Effect of silica fume ratio (S.F.%) on mass loss (concrete
with 2% Ch.).respectively, compared with conventional concrete; which
gives an indication that 2% Ch. is the optimum ratio.
It is noticed that, reducing the water–cement ratio signiﬁ-
cantly decreases mass loss at all ages and improves the perfor-
mance of self-curing concrete (concrete with 2% Ch.) as shown
Table 3 Effect of self-curing agents on different physical properties of concrete.
Self-curing agent The variation percent
Type Percent (%) V.W.A. (%) Permeability (%) Sorptivity (%) Mass loss (%)
Leca 10 8.2 36 17.5 0.0
15 4.1 35 10.6 +4
20 +2 30 +6.3 +10
Ch. 1 8.2 36 3.1 14
2 14.3 41 18.8 20
3 18.4 42 25 24
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0.5 to 0.4 and 0.3 causes an additional decrease in mass loss
by about 15.3% and 35.6%, respectively, after 28 days.
A higher cement content always gives higher mass loss as a
result of higher heat of hydration which causes evaporation of
much water as shown in Fig. 20. In general, the concrete mix
with 2% Ch. and with cement content 400 and 500 kg/m3
cause an additional mass loss by about 8.6% and 25.7%,
respectively, relative to the mix with cement content 300 kg/
m3 after 28 days.
Fig. 21 reveals that, the incorporation of silica fume (15%)
into concrete mixtures with 2% Ch. reduces the mass loss of
concrete during the experiment; about 13.2% reduction rela-
tive to concrete without silica fume after 28 days. This may
be attributed to the ability of silica fume to retain water for
the continuation of the cement hydration.
Conclusions
The following could be concluded from the results presented in
this study:
1- The use of self-curing agent (saturated leca) in con-
crete mixes up to 15% of sand volume improves the
physical properties of concretes under dry-air curing
regime which can be attributed to better internal cur-
ing that provides more and continuation of the hydra-
tion process of cement past which produces less
porous and more compact concrete. On the other
hand, 20% saturated leca did not adversely affect
the permeability (30% reduction); however, it has
adversely affected the V.W.A., the sorptivity, and the
mass loss (increased by about 2%, 6.3%, and 10%,
respectively).
2- Results of this study demonstrate that a signiﬁcant
improvement took place in the physical properties stud-
ied for self-curing concrete with poly-ethylene glycol
(Ch.) as self-curing agent.
3- The optimum ratio of self-curing agent examined in this
study is 2% of the chemical agent (poly-ethylene glycol)
or 10% of saturated leca. In addition, using the chemical
as self-curing agent is superior to saturated leca
(Table 3).
4- Test results reveal additional positive effect of self-cur-
ing agents on many physical properties of concrete in
the case of increasing cement content and/or reducing
w/c ratio for self-curing concrete with 2% Ch.5- The addition of silica fume as an pozzolanic admixture
in self-curing concrete (SCUC) improves its physical
properties not only due to its pozzolanic reaction but
also due to its better water retention (which appears in
mass loss reduction of 13.2%) required for continuous
hydration resulting in, lower voids, pores, and more
compact concrete relative to the reference concrete.
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